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Reply to Office Action of November 7, 2003 

REMARKS/ARGUMENTS 

1 . Remarks on the Amendment 

Applicants appreciate the Examiner's allowance of Claims 1-5, 7-14, 16-19, 
21-28, 30-53, 55-65 and 67-71. 

Claims 15, 29, 54 and 66 have been amended to more specifically define 
Applicants' claimed invention. Applicants respectfully submit that no new matter 
has been added by the amendments. 

There are now total of 69 claims pending. 

2. Response to the rejection of Claims 15, 29, 54 and 66 based upon 35 USC 
§112 

Claims 15, 29, 54 and 66 stand rejected under 35 USC 112, second 
paragraph. This rejection is respectfully traversed by the amendments. 

Applicants have amended Claims 15, 29, 54 and 66 as the Examiner 
suggested. 

For clarification of the file record, Applicants respectfully point out that the 
derivatives of poly (DTE carbonate) are understood by those skilled in the art. 
Among four articles submitted with the response submitted on August 28, 2003, 
two articles published before the filing date of the instant application showed poly 
(DTE carbonate) derivatives; one showed the use of poly (DTH carbonate), and 
the other showed the use of poly (DTB carbonate), poly (DTH carbonate), and 
poly (DTO carbonate). Furthermore, the third publication was September 2000, 
however, it was a 3 year study, as stated in the title of the article, using a group of 
polymers carrying an alkyl ester pendent chain. These polymers were available 3 
years prior to the publication date of September 2000. 

Moreover, one of the submitted abstracts is from an article (the full article is 
submitted herein, Biomaterials, 1999 Dec. 20 (23-24):2203-12) which has cited 
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eight other publications (reference numbers 4, 5 and 11-16) related to this series 
of tyrosine-derived polycarbonates in their synthesis, physicomechanical 
properties, sterilization, surface chemistry, degradation and biocompatibility. 
These cited eight references were published from 1992 to 1997, all prior to the 
filing date of the instant application. 

Applicants further point out that Claims 15, 29, 54 and 66 are dependent 
claims of allowed independent Claims 1, 18, 36, and 42, respectively. The 
claimed poly (DTE carbonates) and their derivatives are clearly under the scope of 
the independent claims. 

As stated previously, Applicants have amended these rejected claims as 
suggested by the Examiner, and Applicants will address the above-discussed 
issue in a subsequent patent application. 

Applicants respectfully request withdrawal of the rejection of Claims based 
upon 35 U.S.C. §112, second paragraph. 

It is respectfully submitted that Claims 1-5, 7-19, 21-35, 36-41 and 42-71 
the pending claims, are now in condition for allowance and such action is 
respectfully requested. Applicant's Agent respectfully requests direct telephone 
communication from the Examiner with a view toward any further action deemed 
necessary to place the application in final condition for allowance. 


Address correspondence to: 
Melvin K. Silverman 
500 Cypress Creek Road 
Suite 500 

Fort Lauderdale, Florida 33309 
Telephone: (954) 351-7474 
Facsimile: (954) 492-0087 




Date of Signature 


Yi Li 

Registration No. 44,211 
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Small changes in polymer chemistry have a large effect 
on the bone-implant interface: 
evaluation of a series of degradable tyrosine-derived 
polycarbonates in bone defects 

Kenneth James a *\ Howard Levene a , J. Russell Parsons* 5 , Joachim Kohn a * 

* Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, NJ 09803, USA 
b Department of Orthopaedics, UMD — New Jersey, Medical School, Newark, N J 07103, USA 


Abstract 

In a series of homologous, tyrosine-based polycarbonates, small changes in the chemical structure of the polymer pendent chain 
were found to affect the bone response in a long-term (1280 d) implantation study. Identically sized pins, prepared from poly(DTE 
carbonate), poIy(DTB carbonate), poly(DTH carbonate), and poly(DTO carbonate) were implanted transcortical^ in the proximal 
tibia and the distal femur of skeletally mature New Zealand White Rabbits. The tissue response at the bone-implant interface was 
characterized in terms of the absence of a fibrous capsule (direct bone apposition, indicative of a bone bonding response) or the 
presence of a fibrous capsule (referred to as the encapsulation response). The relative frequency of direct bone apposition versus 
encapsulation was recorded for each polymer throughout the entire period of the study. While all four polymers were tissue 
compatible, there was a correlation between the chemical structure of the pendent chain and the type of bone response observed, with 
poly(DTE carbonate) having the highest tendency to elicit direct bone apposition. Based on in vivo degradation data and the ability of 
model polymers with carboxylate groups at their surface to chelate calcium ions, it is proposed that the ability of poly(DTE carbonate) 
to bond to bone is caused by the facile hydrolysis of the pendent ethyl ester groups which creates calcium ion chelation sites on the 
polymer surface. The incorporation of calcium chelation sites into the chemical structure of an implant material appears to be a key 
requirement if direct bone apposition/bone bonding is desired. This study demonstrates that very subtle changes in the chemical 
composition of an implant material can have significant effects on the long-term tissue response in a clinically relevant model. 
© 1999 Elsevier Science Ltd. All rights reserved. 

Kevwords: Tyrosine-based polycarbonate; Biomaterial; Prosthesis-bone interface; Bone-material interactions; Degradable. polymer; Poly(DTE 
carbonate); Structure-property relationships; Calcium ion chelation; Bone apposition; Bone bonding 


1. Introduction 

The tissue response to polymeric biomaterials of wide- 
ly varying chemical structures is often remarkably sim- 
ilar. Whether the device is made from a polysiloxane, 
polyurethane, Dacron™, Teflon™, or polyethylene, the 
response elicited in vivo is usually characterized by en- 
capsulation by a persistent fibrous capsule of a dense 
array of fibroblasts, collagen, and inflammatory cells. 
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istry, 610 Taylor Road, Piscataway, NJ 08854-8087, USA. Tel.: (732) 
445-3888; fax: (732) 445-5006. 
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This rather ubiquitous response is generally referred to as 
a 'foreign body response'. Ratner, in a widely cited review 
paper, has referred to such an unspecific, material-chem- 
istry independent response as the 'blah' response [1]. 

For many years, some believed that the only possible 
response at the bone-implant interface was the formation 
of. a fibrous tissue layer that effectively separated the 
bone from the implant [2], Later, it was recognized that 
certain inorganic materials such as hydroxyapatite and 
other calcium phosphates, silica based Ca-P containing 
glasses, and even titanium can exhibit direct bone apposi- 
tion to the implant. Strictly speaking, the term 'bone 
apposition' describes the absence of an intervening 
fibrous tissue layer between the implant and the sur- 
rounding bone, as observed at the light microscopic level 
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in histological sections [2]. In contrast, the terms 'bioac- 
tive' and 'bone-bonding' are sometimes used interchange- 
ably to indicate that the tissue response resulted in some 
degree of either physical/mechanical interlocking be- 
tween bone and the implant or that chemical bonding 
occurred between bone and reactive groups at the im- 
plant surface [3-6]. 

Most of the synthetic degradable polymers that are 
currently being investigated as alternatives to metallic 
and ceramic orthopedic implants and, increasingly, as 
tissue engineering scaffolds for bone regeneration, do not 
exhibit bone apposition but are encapsulated by fibrous 
tissue. In particular, bone formed around the widely 
studied polylactides, polyglycolides, and polydioxanone 
is separated from the implant by a thin layer of connect- 
ive tissue [3-5]. A notable exception is the copolymer of 
polyethylene oxide) and poly(butylene terephthalate) 
known under the tradename Polyactive® [7]. For this 
polymer, direct bone apposition was observed histologi- 
cally at the bone-implant interface. The mechanism pro- 
posed to be responsible for this response centers on the 
finding that Polyactive® induces the formation of surface 
hydroxycarbonate apatite, possibly because of the 
polymer's affinity for calcium ions [8]. More recently, 
a tyrosine-based polycarbonate, poly(DTE carbonate), 
was shown in the canine bone chamber model to also 
exhibit a remarkable degree of direct bone apposition [4]. 

In an effort to further study the effect of a polymer's 
chemical structure on the bone-implant interface, we 
synthesized a family of homologous, tyrosine-derived 
polycarbonates, including poly(DTE carbonate). The test 
polymers had identical chemical backbone structures 
and varied only in the structure of the alkyl ester pendent 
chain which was increased in length from ethyl (2 car- 
bons), to butyl (4 carbons), hexyl (6 carbons) and octyl (8 
carbons) as shown in Fig. 1. This series of polymers has 
a defined gradient of material properties and seemed to 
be particularly suitable to establish relationships between 
chemical structure, polymer properties, and the corre- 
sponding biological response [9,10]. For example, as 
reported by Ertel et al. [11], lengthening the pendent 
chain decreases the glass transition temperature, in- 
creases the surface hydrophobicity of the polymer, and 
affects fibroblast attachment, proliferation and spreading 
in vitro. 

This series of tyrosine-derived polycarbonates has al- 
ready been the subject of several investigations con- 
cerning their synthesis, physicomechanical properties, 
sterilization, surface chemistry, degradation, and bio- 
compatibility [4,5,11-16]. These polymers are amorph- 
ous materials that can be processed by solvent casting, 
extrusion, compression and injection molding, or various 
fiber spinning techniques. Depending on the. processing 
conditions, pins with ultimate tensile strength and 
Young's Modulus upward of 50 MPa and 2 GPa, respec- 
tively, have been obtained. When implanted, tyrosine- 
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Fig. 1. The chemical structure of tyrosine-derived polycarbonates con- 
sists of desaminotyrosyl-tyrosine alkyl esters with different ester groups: 
ethyl (E), butyl (B), hexyl (H), and octyl (O). The abbreviations for these 
monomers are represented by DTE, DTB, DTH, and DTO. 


based polycarbonates degrade via hydrolysis on the or- 
der of months to years to natural metabolites. 

Using this well-characterized family of tyrosine-based 
polycarbonates made it possible to investigate whether 
small variations in the chemical structure of a polymeric 
implant can affect the tissue response at the bone-implant 
interface. For this purpose, extruded pins of poly(DTE 
carbonate), poly(DTB carbonate), poly(DTH carbonate), 
and poly(DTO carbonate) were: (i) implanted transcorti- 
cal^ in bone defects in the rabbit's distal femora and 
proximal tibiae permitting histological comparisons of 
the bone-implant interface as a function of incremental 
changes in polymer structure and time; and (ii) implanted 
subcutaneously over the paravertebral muscles in the 
rabbit and evaluated for changes and differences in pin 
physical appearance, mechanical properties, and molecu- 
lar weight loss. In this clinically relevant model system, 
the transcortical implants were followed over a post 
implantation period of 1090 d (3 yr) and the subcu- 
taneous implants were followed over a post implantation 
period of 1280 d (3.5 yr). At the later timepoints, the 
implants were in advanced stages of degradation. This 
permitted examination of the differences between the 
short-term and long-term tissue responses to these degra- 
dable polymers. 

In addition, a set of new model polymers was prepared 
with controlled amounts of free carboxylate groups. 
These model polymers allowed us to test the hypothesis 
that the formation of carboxylate groups during the 
degradation of tyrosine-derived polycarbonates can lead 
to the chelation of calcium ions at the polymer surface, 
providing a potential mechanism contributing to the 
apparent bone-bonding behavior observed for poly(DTE 
carbonate). 


2. Methods 

2.1. Implant preparation 

Poly(DTE carbonate), poiy(DTB carbonate), poly- 

(DTH carbonate), and poly(DTO carbonate) were 
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synthesized according to previously published proce- 
dures [11,15]. Polymer rods 2 mm in diameter were 
extruded under an argon blanket with a MiniMax ex- 
truder system (Custom Scientific Inc., NJ). Poly(DTE 
carbonate), poly(DTB carbonate), poly(DTH carbonate), 
and poly(DTO carbonate) were extruded at 190°C, 
180°C, 160°C, and 140°C respectively, which are temper- 
atures approximately 90-100°C above the T g of each 
material. 

Each smooth rod was cut into 2.0 ± 0.1 cm lengths 
using a sharp blade, dimensioned, and weighed (typically 
80 mg). Acceptable variations in diameter for bone and 
subcutaneous implants were, respectively, 2.0 ± 0.05 and 
2.0 ±0.15 mm. Pins were individually packaged, steriliz- 
ed with ethylene oxide (Anprolene; Anderson Products, 
Chapel Hill, NC), and allowed to degas for at least 
two weeks under vacuum at room temperature. The 
(weight average) molecular weight (M w ) and poly- 
dispersity (PD) of the implanted pins were: poly(DTE 
carbonate) M w = 109 000, PD = 1.8; poly(DTB carbon- 
ate) M w = 120 000, PD = 1.8; poly(DTH carbonate) 
M w = 147 000, PD = 1.7; and poly(DTO carbonate) 
M w = 137 000, PD = 1.7. 

2.2. In vivo testing 

A group of 36 male skeletally mature New Zealand 
white rabbits (3.0-3.5 kg) was divided into eight experi- 
mental groups that were sacrificed at 90, 180, 270, 360, 
540, 720, 1090, and 1280 d. Using previously published 
procedures [17], 2 mm diameter bicortical defects were 
created with a drill in the bone of the distal femora and 
proximal tibiae. In each rabbit, pins of poly(DTE carbon- 
ate), poly(DTB carbonate), and poly(DTO carbonate) 
were randomly assigned to the implant sites. The im- 
plants were press-fit into the bone defects. Excess mate- 
rial protruding from the implant site was trimmed to the 
bone. At 90 and 180 d two poly(DTH carbonate) pins 
were used instead of poly(DTB carbonate) pins to pro- 
vide overlap with a previous study of poly(DTH carbon- 
ate) in the same model [5]. Pins of all test polymers were 
also placed and retrieved from a subcutaneous site over 
the paravertebral muscles for characterizing changes in 
molecular weight, appearance, and physicomechanical 
properties. Because pin retrieval disrupted the implant/ 
tissue interface, and because detailed histological obser- 
vations in soft tissue had been reported previously [18], 
no histological analysis was performed for the subcu- 
taneous implant sites. 

2.3. Polymer degradation 

Changes in pin appearance, molecular weight loss, 
mass loss, and physicomechanical properties over the 
implantation period were determined from the sub- 
cutaneously implanted pins. At retrieval, each pin was 


visually inspected, weighed, dimensioned, and mechan- 
ically tested. The test specimens were then dried under 
vacuum for two weeks, weighed again, and prepared for 
molecular weight determination. 

Polymer molecular weight (M w and M n ) was deter- 
mined by gel permeation chromatography (GPC) on 
a system consisting of a Perkin-Elmer pump (Perkin 
Elmer; Model 410), a Waters differential refractometer 
(Waters; Model 410), and a Perkin-Elmer Model 600 
computerized data station. Two 30 cm PL-gel columns 
(Polymer Laboratories) with 10 3 and 10 5 angstrom 
pores, respectively, were operated in series at a flow rate 
of 1 ml/min in THF. Molecular weights were calculated 
relative to polystyrene standards (Polymer Laboratories 
Inc.). 

The ultimate tensile strength and Young's modulus of 
the polymer pins were measured in tension using a ser- 
vohydraulic biaxial mechanical testing system coupled 
with a computerized data acquisition system (MTS). The 
pins were gripped with custom-designed pin vises (gauge 
length 1.0 cm). The pins were tested submerged in a 37°C 
water bath at a 1% strain rate. 

2.4. Polymer biocompatibility and the bone-implant 
interface 

The distal and proximal femora and tibiae implants 
were retrieved from each animal. Care was taken to 
assure that the implants were not disturbed by leaving 
sufficient host bone around the implant. The samples 
were fixed in 10% phosphate-buffered formalin, dehy- 
drated in a graded ethanol series, and polymethylmethac- 
rylate embedded for undecalcified light microscopy 
analysis [19]. The medial aspects of each PMMA embed- 
ded bone were sectioned (0.5 mm thick) with a diamond 
saw (Buehler). The sections were glued to Plexiglas slides, 
hand ground, and polished to a thickness of approxi- 
mately 30 um. At least three sections were prepared per 
implant site. Histological sections were stained with 
Stevenel's blue and Van Gieson's picrofuchsin so that 
bone stains red, osteoid stains green, and fibrous tissue 
stains blue. The histological sections were evaluated in 
light of the overall cellular response as an indicator of 
material biocompatibility, e.g. levels and types of inflam- 
matory cells and/or osteolysis of surrounding bone. Next, 
the bone-implant interface around the circumference of 
each implanted pin was evaluated in light of whether (a) 
a fibrous tissue layer separated the implant from the 
surrounding bone or (b) direct bone apposition was the 
dominant feature of the bone-implant interface. 

2. 5. Synthesis of model polymers for the evaluation ofCa 2 + 
chelation 

The synthesis of model polymers followed a two step 
process: First, a copolymer of DTE and DTBn (where the 
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Y in Fig. 1 is a benzyl pendent chain) of desired composi- 
tion was prepared by phosgenation of an appropriate 
molar ratio of these two monomers using published 
procedures [15]. Then, the benzyl ester pendent 
chain was removed by selective catalytic hydrogenolysis 
using a palladium catalyst. This resulted in the formation 
of a desired proportion of carboxylate groups. For 
this study, model polymers in which 25 and 50mol% 
of all pendent chains were free carboxylate groups 
were synthesized. These polymers were designated 
as poly (DTE0.75-C0-DT0.25 carbonate) and poly 
(DTEo.5o-c0-DT o .5o carbonate) respectively. In a typical 
hydrogenolysis, copolymer (30 g) was placed in a Parr 
Pressure Hydrogenator along with 250 ml of ultrapure 
(amine free) DMF and 2g of a solid powder of 5% 
palladium on barium sulfate (catalyst). The Parr 
Hydrogenator was pressurized to 55 psi of hydrogen 
and agitated for 24 h at room temperature. The comple- 
tion of the debenzylation reaction was confirmed by 
*H NMR. The reaction mixture was filtered using a 
celite bed to remove the catalyst and the polymer was 
further purified by repeated precipitations in chilled 
isopropanol. 

2.6. Simulated body fluid (SBF) 

Within a 1.0 1 volumetric flask, the following materials 
were dissolved in 900 ml of water: Na 2 S0 4 (0.071 g), 
K 2 HP0 4 (0.176 g), NaHC0 3 (0.353 g), CaCl 2 (0368 g), 
MgCl-6H 2 0 (0.305 g), NaCl (7.99 g), KC1 (0.224 g), 
Tris(hydroxymethyl-aminomethane) (6.06 g), HC1 (1.0 n) 
(45 ml). The solution was then adjusted by the addition 
of 2 n NaOH to a pH of 7.4 and the volume was made 
up to 1.0 1 with distilled water. The solution was sterilized 
by membrane filtration (0.22 jam filter). This composition 
of SBF is similar to other compositions in the literature 
[8]. 

2. 7. Incubation of model polymers in SBF 

Model polymers having no free carboxylate groups, 
25% free carboxylate groups, and 50% free carboxylate 
groups were used, i.e., poly(DTE carbonate), poly- 
(DTE 0 .7 5-co-DTo; 25 carbonate), and poly(DTE 0 
DT 0 .5o carbonate). Films of each model polymer were 
prepared by solvent casting from a 90 : 10 solution (v/v) 
of methanol/methylene chloride having a polymer con- 
centration of 10% (w/v). After casting, films were dried 
under vacuum at room temperature for 1 week. Films 
were cut into 1.5 cm x 1.5 cm strips. Each strip was 
placed into an individual glass scintillation vial. To each 
sample, 10 ml of simulated body fluid (SBF) was added, 
the vials were sealed, and incubated at 37°C. After incu- 
bation for 0, 3, 7, and 14 d, the samples were washed with 
pure water three times and dried under vacuum at room 
temperature for 4 h. 


2. 8. Surface analysis by electron spectroscopy for chemical 
analysis (ESCA/XPS) 

After incubation for the specified periods, films of each 
model polymer were analyzed by electron spectroscopy 
for chemical analysis (ESCA/XPS) with a Kratos XSAM- 
8000 instrument. ESCA measurements were carried out 
at room temperature. The ESCA core level spectra were 
recorded using unmonochromatized Mg radiation 
(1254 eV). The pass energy was 80 eV for the survey 
spectra and 20 eV for the high resolution studies. The 
build-up of positive charge on the polymer surface was 
neutralized by using an electron floodgun. The peak 
areas were converted into atomic concentrations using 
the following sensitivity factors: 0.25 for carbon, 0.66 for 
oxygen, 0.42 for nitrogen and 1.58 for calcium. 


3. Results and discussion 

3.1. Polymer biocompatibility and the bone-implant 
interface 

The pins were placed transcortical^ through the distal 
end of the femur or the proximal end of the tibia. After 
fixing in a block of polymethylmethacrylate, sagittal his- 
tological section were cut through the medial portions of 
the cortex. Cross section of each pin of the test polymers 
were observed within and adjacent to the long bone's 
cortex. At timepoints as early as 90 d (3 months) and as 
late as 1090 d (3 yr), all the polymeric implants were 
found to be surrounded by bone without any obvious 
deleterious effects such as bone resorption or large con- 
centrations of inflammatory cells at the implant site. 
Poly(DTE carbonate), poly(DTB carbonate), poly(DTH 
carbonate), and poly(DTO carbonate) were all osteocom- 
patible according to traditional definitions [2,20]. 

A fundamental difference was seen, however, amongst 
the polymers at the bone-pin interface — some pins were 
encapsulated with fibrous tissue (an encapsulation re- 
sponse) whereas others exhibited predominantly direct 
apposition of bone to the implant surface. Figs. 2 and 
3 illustrate typical histological sections for each of the 
materials over the course of the study. As is evident in 
Figs. 2 and 3 and in Table 1, the two responses seen at the 
bone-implant interface were quite distinct. The encap- 
sulation response was distinguished by an organized 
fibrous capsule that ranged between 3 and 30 cell layers. 
The capsule lined the entire circumference of the implant 
and effectively separated the implant from the surround- 
ing bone. In contrast, in those specimens where bone 
apposition was observed, the circumference of the im- 
plant was devoid of an organized fibrous capsule. The 
tissue responses could be readily classified as either an 
'encapsulation response* or as 'direct bone apposition'. 
The intermediate case of partial encapsulation (presence 
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Fig. 2. Interface between pins of poly(DTE carbonate) and bone taken from time points ranging from 90 to 1090 d (3 yr) post implantation. 
Mineralized bone is stained red, fibrous tissue is blue, and osteoid is stained in a green hue. The histological sections shown illustrate the 'bone 
apposition' response seen in 73% of all poly(DTE carbonate) implant. sites. The bone apposition response was remarkably consistant throughout the 
entire period of this study. A, C, E and G: low magnification views of the pin circumference 90 d (3 months), 270 d (9 months), 720 d (24 months), and 
1090 d (36 months) post implantation, respectively. B, D, F and H: high magnification detail of the bone-implant interface 90 d (3 months) 270 d 
(9 months!. 720 d (24 months), and 1090 d (36 months) post implantation, respectively. 
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Fig. 3. Representative histological sections illustrating the 'encapsulation response*. This response was observed for all test polymers except poly(DTE 
carbonate) in the majority of all implant sites. This figure illustrates the variability of the 'encapsulation response'. Mineralized bone is stained red, 
fibrous tissue is blue, and osteoid is stained in a green hue. (A) Quiescent fibrous capsule of intermediate thickness, shown here for a poly(DTO 
carbonate) implant at 90 d post implantation. Note the absence of inflammatory cells and the lack of evidence for bone resorption. A large number of 
implant sites demonstrated this response. (B) Very thin fibrous capsule, observed here for a poly(DTB carbonate) implant after 90 d post implantation. 
This type of capsule was also observed at some of the poly(DTE carbonate) pins. (C) Very thick fibrous capsule, observed at the interface with 
a poly(DTO carbonate) implant 270 d post implantation. In spite of the pronounced thickness of the capsule, there is no evidence of an inflammatory 
response or bone resorption. Such thick capsules were never observed at the interface of poly(DTE carbonate) implants, but were common for 
polyfDTO carbonate). (D) Quiescent and mature fibrous capsule at the interface with a poly(DTB carbonate) implant 720 d (2 yr) post implantation. 
(E) Thick, loosely organized and faintly stained fibrous tissue at the interface of a poiy(DTO carbonate) pin 1090 d (3 yr) post implantation. (F) Thick, 
and quiescent fibrous capsule with aligned fibroblasts observed for a poly(DTB carbonate) interface 1090 d (3 yr) post implantation. 


of an organized fibrous capsule along only a fraction of 
the implant circumference) was very rarely observed. 

While Figs. 2 and 3 provide representative histological 
sections, Table 1 lists the frequency by which the encap- 
sulation or bone apposition responses were observed. 
Most striking was the bone response to poly(DTE car- 


bonate) where direct bone apposition to the implant was 
the defining feature in 73% of the retrieved implants (22 
of 30 pins). These data confirm earlier observations of 
direct bone apposition with poly(DTE carbonate) in the 
canine bone chamber model. Those implants that did 
exhibit an encapsulation response, tended to have thin 
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Table 1 

Frequencies of direct bone apposition and encapsulation responses at the bone-implant interface 


Poly(DTE carbonate) Poly(DTB carbonate) Poly(DTO carbonate) 


Bone apposition Encapsulation Bone apposition Encapsulation Bone apposition Encapsulation 
(%) (%) (%) (%) (%) (%) 


Short term 0-180 d {n = 10) 60 40 30 70 20 80 

Long term 270-1090d(* = 26) 80 20 17 83 16 84 

Overall results (n = 36) 73 27 21 79 17 83 

Note: Bone apposition responses were reported when an organized fibrous tissue layer could not be identified at the light microscopic level at the 
bone-implant interface. 

Encapsulation responses were reported when a fibrous capsule encompassed the implanted pin. 


capsules of less than 10 cell layers. In contrast, as the 
length of the pendent chain was increased to butyl and 
octyl, less bone apposition was observed and the pre- 
dominant response was the formation of a fibrous cap- 
sule. Particularly noteworthy is the dramatic difference in 
the predominant biological response elicited by poly 
(DTE carbonate) and poly(DTB carbonate) as these two 
polymers have very closely matched chemical structure 
and material properties. Poly(DTB carbonate) exhibited 
direct bone apposition to the surface in only 21% of the 
implant sites. The frequency of bone apposition for 
poly(DTO carbonate) further decreased to 17% of the 
implants. For all polymers tested, except poly(DTE car- 
bonate) the majority of all implant sites exhibited well 
established fibrous capsules that tended to be in excess of 
10 cell layers. Clearly, in this family of tyrosine-derived 
polycarbonates, the predominant response elicited at the 
bone-implant interface was significantly influenced by 
a relatively minor modification of the polymer structure. 

3.2. Temporal changes in the tissue response 

The long duration of this study made it possible to 
examine the changes in the tissue response over time. 
Table 1 provides a listing of the bone-implant response 
frequencies for both short-term and long-term time- 
points. Because of the small number of samples (espe- 
cially in the listing for the early time points where n = 10) 
the data in Table 1 must not be overinterpreted. The key 
point emerging from this study is that the basic features 
of the bone response were established early on and re- 
mained unchanged throughout the remainder of the 
study. Already within the first 180 days, the increased 
frequency of direct bone apposition exhibited by poly- 
(DTE carbonate) was clearly discernible. 

3.3. In vivo polymer degradation 

The differences in the, bone-implant interface de- 
scribed above could be a result of differences in polymer 
degradation kinetics, release of degradation products, 


and/or differences in mechanical properties. To account 
for these variables, the in vivo degradation characteristics 
of the polymer pins were followed, using the subcu- 
taneously implanted specimens for which degradation 
data are available up to 1280 d (3.5 yr) post implanta- 
tion. 

At implantation, the pins made from each material 
were essentially identical in dimensions and appearance: 
2 cm long, 2 mm in diameter, and transparent with a light 
golden hue. When explanted, all subcutaneous pins were 
encased in a thin fibrous membrane. By 270 d, some 
changes in appearance became noticeable: All pins with 
the exception of poly(DTE carbonate) pins had become 
opaque and had started to deform/bend. By 1280 d 
(3.5 yr), poly(DTE carbonate) pins still maintained their 
shape and only the inside of the pin had become opaque. 
In contrast, the pins of all other test polymers had 
changed shape and had became opaque throughout their 
entire volume to various degrees. 

The observed tendency of pins to deform/bend is prob- 
ably related to the release of residual stress associated 
with the laboratory-scale fabrication of the pin speci- 
mens. The tendency to deform correlated with the differ- 
ences in the polymers' glass transition temperature (T g ). 
Poly(DTE carbonate) had the highest T g (81°C) of all 
polymers and had therefore the lowest tendency to de- 
form. It is reasonable to expect that the deformation of 
pins made of poly(DTB carbonate), poly(DTH carbon- 
ate), and poly(DTO carbonate) will be less pronounced 
when pins are extruded in commercial-scale equipment 
under optimized conditions. The changes in opacity are 
most probably related to the uptake of small amounts of 
water (less than 4 wt%) into the polymer matrix. Con- 
trary to devices made of poly(lactic acid) or poly(glycolic 
acid), pins made of tyrosine-derived polycarbonates do 
not swell noticeably during their degradation process. 

While this study provided insufficient data points to 
establish correlations between temporal changes in phys- 
ical appearance of the pins and the polymer structure, it 
is important to note that during the first 180 d of the 
study, neither deformations nor changes in opacity were 
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Fig. 4. Molecular weight retention as a function or implantation time of 
tyrosine-derived polycarbonates. All four of the polymers degraded at 
comparable rates, indicating that the length of the pendent chain did 
not affect polymer backbone cleavage. At 1090 d, all the polymers 
reached a Af w lower than 15% of the original M w . The intitial M w of 
poly(DTE carbonate), poly(DTB carbonate), poly(DTH carbonate) and 
poly(DTO carbonate) was 109, 120, 147 and 137 kDa respectively. 


observed. As shown in Table 1, significant differences in 
the bone response to the test polymers were already 
clearly established at a time when physical changes in pin 
shape or opacity can be excluded as contributing factors. 

Sustained polymer chain cleavage, i.e., hydrolysis of 
the carbonate bond, occurred at comparable rates for 
each of the polymers tested (Fig. 4). Varying the pendent 
chain did not significantly alter the degradation rate of 
this family of polymers. This is likely because the poly- 
mers have comparable water uptake ranging from 2-4% 
of the polymer dry weight. Though we measured signifi- 
cant losses in molecular weight, the pins did not change 
in mass through 1090 d. Mass loss was only observed at 
the 1280 d time point and was limited to about 2% of the 
initial weight. In spite of massive backbone degradation 
to less than 15% of the initial molecular weight, the 
polymers had yet to degrade to the point where signifi- 
cant amounts of low molecular weight, soluble species 
would be formed. Thus, the study can be divided into two 
key periods: the time from implantation up to about 
180 d during which it is highly unlikely that any mate- 
rials leached from the polymer surface, and the period 
from 270 to 1280 d, where leachables cannot be dis- 
counted, especially towards the later time points. How- 
ever, as shown in Table 1, the possible release of polymer 
degradation products during the later stages of the study 
did not have a noticeable effect on the frequency at which 
bone apposition or encapsulation responses were ob- 
served. The possible effect of leachable degradation prod- 
ucts is therefore not a confounding factor in this study. 

As expected for a degradable polymer, initial pin 
strength and stiffness decreased over time. When tested at 
37°C, the ultimate tensile strength ranged initially from 
16 ± 2.5 MPa for poly(DTO carbonate) pins to 36 ± 


3 MPa for poly(DTE carbonate) pins. Poly(DTE carbon- 
ate) retained its strength for the longest period of time. 
Strength decreased in a linear fashion to about 10% of its 
initial value at 270 d post implantation. For poly(DTB 
carbonate), the majority of pins retained their strength up 
to about 180 d, while poly(DTH carbonate) and 
poly(DTO carbonate) became untestable within the first 
90 d period. The initial Young's modulus of pins made of 
poly(DTE carbonate), poly(DTB carbonate), poly(DTH 
carbonate), and poly(DTO carbonate) was, respectively, 
1000 ± 100, 700 ± 70, 500 ± 40, and 360 ± 40 MPa. In 
contrast to the variable degrees of strength retention, pin 
stiffness (as measured by Young's modulus) did not 
change significantly over the testing period. 

Overall, poly(DTE carbonate) and poly(DTB carbon- 
ate) were very comparable in their physicomechanical 
properties (initial strength and stiffness, retention of 
strength and stiffness) but showed significantly different 
bone responses. Thus, physicomechanical properties can 
be excluded as key factors in the observed differences in 
the bone response. 

3.4. Proposed mechanism for the observed differences 
at the bone-implant interface 

Factors such as the implant's biomechanical circum- 
stances, chemical composition, mechanical properties, 
surface energy, surface roughness, and surface topogra- 
phy have all been implicated in affecting the bone re- 
sponse to an implant surface [21]. In this study we have 
controlled for many of these factors. Implants with iden- 
tical shape and surface topography were placed in sites 
having comparable biomechanical environments. The 
observed differences at the bone-implant interface can- 
not be due to differences in bulk degradation of the 
polymers as the polymers degraded at comparable rates 
throughout the entire period of the study (Fig. 4). Fur- 
ther, during the first 180 d of the study none of the 
implants had yet degraded to the point of releasing 
detectable levels of any degradation products. Thus, the 
release of leachables can be excluded as a contributing 
factor for the different bone-implant responses. Sim- 
ilarly, variations at the bone-implant interface observed 
for poly(DTE carbonate) and poly(DTB carbonate) can- 
not be explained by the measured differences in pin 
mechanical strength or differences in stiffness during the 
degradation process. Thus, it seems that the changes in 
the chemical composition of the polymers must be a key 
factor responsible for the observed differences in the 
bone-implant interface. 

Ertel and coworkers [11] analyzed the surface chem- 
istry of the same series of tyrosine-derived polycarbon- 
ates and found that surface hydrophobicity increases, as 
measured by air-water contact angle, as the pendent 
chain is increased in length from ethyl (73°) to octyl (90°). 
In polymer films incubated in phosphate buffered saline, 
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Ertel also documented with attenuated total reflectance 
(ATR) FTIR that over a 40 week incubation period, ester 
pendent chains were cleaved via hydrolysis on the surface 
of each polymer. However, the surface ester pendent 
chains were hydrolyzed significantly faster for the more 
hydrophilic poly(DTE carbonate) surfaces than for the 
more hydrophobic poly(DTB carbonate) or poly(DTO 
carbonate) surfaces. 

Therefore, poly(DTE carbonate) is distinguished from 
the other tyrosine-derived polycarbonates by the rate at 
which carboxylate groups (-COOH) are formed on the 
polymer surface. This phenomenon may be key to ex- 
plaining why poly(DTE carbonate) surfaces exhibit more 
direct bone apposition than the other polycarbonate 
surfaces. Any two appropriately positioned pendent ester 
chains, when hydrolyzed to carboxylate groups, can form 
an ionic binding site for calcium ion. Similar to the 
observations reported for Polyactive®, the degrading 
tyrosine-derived polycarbonates have a potential for 
complexing calcium ions which in turn may act as nu- 
cleation sites for the formation of an inorganic hydroxy- 
apatite surface layer. The hydroxyapatite layer may first 
lead to direct bone apposition and ultimately to bone 
bonding. While all tyrosine-derived polycarbonates ex- 
hibited some bone apposition, the higher frequency of 
bone apposition observed for poly(DTE carbonate) may 
be due to the increased rate of surface pendent chain 
hydrolysis and the increased likelihood of surface cal- 
cium chelation within the timeframe required to elicit 
bone apposition rather than encapsulation. 

In support of this proposed mechanism, model poly- 
mer systems of partially hydrolyzed poly(DTE carbon- 
ate) were prepared with 0, 25, or 50% carboxylate 
groups, modeling poly(DTE carbonate) after 0, 25, or 
50% of the ethyl ester pendent chains had hydrolyzed. 
After incubation at 37°C in simulated body fluid (SBF) 
for up to 14 d, solvent cast polymer films were analyzed 
with ESCA/XPS (Fig. 5). Over the short period studied, 
poly(DTE carbonate) surfaces did not chelate calcium 
because the insignificant amount of surface ester hydro- 
lysis did not provide a sufficient density of calcium 
chelating sites. In contrast, the model polymer systems 
which had exposed carboxylate groups did chelate cal- 
cium ions, in relation to the concentration of carboxylate 
groups at the surface. Poly(DTE carbonate) modeled to 
have 25% of all pendent chains hydrolyzed was able to 
chelate up to 0.21% surface Ca 2+ by 7 d, and poly(DTE 
carbonate) modeled to have 50% of the pendent chains 
hydrolyzed, had chelated 0.67% surface Ca 24 * by 3 d. 

Since the bone-polymer response is fully established 
within the first 180 d (Table 1), a polymer must hydrolyze 
rapidly enough to allow for the generation of a sufficient 
surface concentration of carboxylate groups to chelate 
calcium ions. The polymers with longer pendent chains, 
such as poly(DTB carbonate) and poly(DTO carbonate), 
have a slower rate of hydrolysis and consequently 
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Fig. 5. ESCA/XPS analysis of a model polymer film, poly(DTE 0 . 50 - 
co-DTo. 5 o carbonate). In this figure, the model represents a stage at 
which 50% of all ester pendent chains of the original po!y(DTE carbon- 
ate) had been hydrolyzed. The results were obtained after the sample 
had been incubated in SBF at 37°C for 3d. Note the Ca ++ peak 
between 300 and 400 eV. 


a fibrous capsule was formed before enough carboxylate 
groups had formed. While all the tyrosine derived poly- 
mers meet the traditional definition of biocompatibility, 
poly(DTE carbonate) elicited direct bone apposition to 
the implant surface with the highest frequency and would 
obviously be a preferred material in the design of ortho- 
pedic implants. 


4. Summary 

The series of tyrosine-derived polycarbonates were 
found to be osteocompatible. These polymers, in particu- 
lar poly(DTE carbonate), have physicomechanical prop- 
erties that are comparable to other degradable polymers 
[22,23]. In comparing the bone-implant interface, pins of 
poly(DTE carbonate) exhibited direct bone apposition 
with a frequency greater than any of the other polycar- 
bonates studied. Our results indicate that the observed 
differences in the frequency of direct bone apposition are 
a function of the rate at which the polymer pendent chain 
is hydrolyzed on the polymer surface. We postulate that 
the cleavage of a sufficient number of pendent chains 
imparts the ability to bind calcium ions to the implant 
surface which, in turn, leads to direct bone apposition 
and ultimately to bone bonding. This study highlights the 
importance that systematic variations in polymer chem- 
istry can play in eliciting fundamentally different biolo- 
gical (bone) responses and it represents the first instance 
in which very small changes in the chemical structure of 
an implant material could be correlated with significant 
changes in the tissue response in a long-term, clinically 
relevant model. Our results are in line with an increasing 
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body of literature [8,24] that indicates that polymers can 
be designed to exhibit a bone bonding hard-tissue re- 
sponse if chemical binding/nucleation sites for calcium 
are presented at the polymer surface. The findings of this 
study illustrate the need for a careful optimization of the 
chemical structure of implant materials— an important 
point that is often overlooked by tissue engineers who 
have limited their studies to the use of the widely avail- 
able polylactides or polyglycolides. Currently, the family 
of tyrosine-derived polycarbonates, in particular poly- 
(DTE carbonate) is being explored in the design of bone 
fixation devices and suture anchors and as scaffolds for 
bone tissue engineering [19]. 

Acknowledgements 

The authors thank Drs. Arthur Schwartz and Das 
Bolikal for synthesizing and characterizing the polymers 
used in this study, Dr. Mark Zimmerman for valuable 
assistance in the initiation of this project, Amardeep 
Hoonjan and Thomas Poandl for animal surgery and 
mechanical testing support, Robert Petrucelli for assis- 
tance with histology processing, and Dr. Vipavee 
Phuvanartnuruks for supplying the XPS data. This work 
was supported by NIH grant GM39455, by funding from 
the New Jersey Center for Biomaterials, and by Integra 
Lifesciences Corporation (Plainsboro, New Jersey). 

References 

[1] Ratner BD. New ideas in biomaterials science— a path to engin- 
eered biomaterials. J Biomed Mater Res 1993;27:837-50. 

[2] Plenk H. Prosthesis-bone interface. J Biomed Mater Res (Appl 
Biomaier) 1998;43:350-5. 

[3] Mainil-Varlet P, Rahn B, Gogolewski S. Long-term in vivo degra- 
dation and bone reaction to various polylactides. 1. One-year 
results. Biomaterials 1997;18:257-66. 

[4] Choueka J, Charvet JL, Koval KJ, Alexander H, James KS, 
Hooper KA, Kohn J. Canine bone response to tyrosine-derived 
polycarbonates and poly(L-laclic acid). J Biomed Mater Res 
1996;31:35-41. 

[5] Ertel SI, Kohn J, Zimmerman MC, Parsons JR. Evaluation of 
poly(DTH carbonate), a tyrosine-derived degradable polymer, for 
orthopaedic applications. J Biomed Mater Res 1995;29(1 1 ): 1337-48. 

[6] Albrektsson T. Hard tissue response. In: Black J, Hastings G, 
editors. Handbook of btomaterial properties. London: Chapman 
& Hall, 1998. p. 504. 

[7] Radder AM, Leenders H, van Blitterswijk CA. .Bone-bonding 
behavior of polyethylene oxide)-poly(butylene terephthalate) 


copolymer coatings and bulk implants: a comparative study. 
Biomaterials 1995;16(7):507-13. 

[8] Li P, Bakker D, Van Blitterswijk CA. The bone-bonding polymer 
Polyactive 80/20 induces hydroxycarbonate apatite formation 
in vitro. J Biomed Mater Res 1997;34:79-86. 

[9] Brocchim S, James K, Tangpasuthadol V, Kohn J. A combina- 
torial approach for polymer design. J Amer Chem Soc 1997; 
1 19(19):4553-4. 

[10] Brocchini S, James K, Tangpasuthadol V, Kohn J. Struc- 
ture-property correlations in a combinatorial library of degrada- 
ble biomaterials. J Biomed Mater Res 1998;42:66-75. 

[11] Ertel SI, Kohn J. Evaluation of a series of tyrosine-derived poly- 
carbonates for biomaterial applications. J Biomed Mater Res 
1994;28:919-30. 

[12] James K, Kohn J. New biomaterials for tissue engineering. MRS 
Bull 1996;21(ll):22-6. 

[13] James K, Kohn J. Applications of pseudo-poly(amino acid) bio- 
materials. Trends Polym Sci l996;4(12):394-7. 

[14] James K, Kohn J. Pseudo-poly(aminb acid)s: examples for 
synthetic materials derived from natural metabolites. In: 
Park K, editor. Controlled drug delivery: challenges and 
strategies. Washington, DC: American Chemical Society, 1997. 
p. 389-403. 

[15] Pulapura S, Kohn J. Tyrosine derived polycarbonates: backbone 
modified, 'pseudo'-poly(amino acids) designed for biomedical ap- 
plications. Biopoiymers 1992;32:411-7. 

[16] Hooper KA, Cox JD, Kohn J. Comparison of the effect of ethy- 
lene oxide and y-irradiation on selected tyrosine-derived polycar- 
bonates and poly(L-lactic acid). J Appl Polym Sci 1997; 
63(11): 1499-5 10. 

[17] James KS, Zimmerman MC, Kohn J. Small animal surgical and 
histological procedures for characterizing the performance of 
tissue engineered bone grafts. In: Morgan JR, Yarmush ML, 
editors. Methods in molecular medicine: tissue engineering 
methods and protocols. Totowa, NJ: The Humana Press, 1999. 
p. 121-31. 

[18] Hooper KA, Macon ND, Kohn J. Comparative histological 
evaluation of new tyrosine-derived polymers and poIy(L-lactic 
acid) as a function of polymer degradation. J Biomed Mater Res 
1998;41(3):443-54. 

[19] James KS, Kopacz K, Baxter A, Parsons JR, Kohn J. In: 24th 
"Annual Meeting of the Society for Biomaterials [San Diego, CA]. 
Minneapolis, MN: Society for Biomaterials, 1998. p. 146. 

[20] LeGeros RZ, Craig RG. Strategies to aflect bone remodeling: 
osteointegration, J Bone Miner Res 1993;8:S583~96. 

[21] Boyan BD, Hummerl TW, Dean DD, Schwartz Z. Role of mate- 
rial surfaces in regulating bone and cartilage cell response. Bio- 
materials 1996;17:137-46. 

[22] Daniels AU, Chang MKO, Andriano KP, Heller J. Mechanical 
properties of biodegradable polymers and composites proposed 
for internal fixation of bone. J Appl Biomaier 1990;1:57-78. 

[23] James KS, Zimmerman MC, Parsons JR, Kohn J. In: 23rd An- 
nual Meeting of the Society for Biomaterials [New Orleans, LA]. 
Minneapolis, MN: Society for Biomaterials, 1997. p. 120. 

[24] Tanahashi M, Matsuda T. Surface functional group dependence 
on apatite formation on self-assembled monolayers in a simulated 
body fluid. J Biomed Mater Res 1997;34(3):305-15. 


